TRANSPORT PROBLEMS 2008
PROBLEMY TRANSPORTU Tom 3 Zeszyt 1

Piotr CZECH*

Silesian University of Technology, Faculty of Trpost
Krasinskiego St. 8, 40-019 Katowice, Poland
*Corresponding authorE-mail: piotr.czech@polsl.pl

CLASSIFICATION OF THE DEGREE OF CHIPPING TIP OF THE TOOTH
IN A GEAR WHEEL BY USING THE FUZZY LOGIC AND THE
CONTINUOUS WAVELET TRANSFORM

Summary. This article presents the tests results showiegconstruction of the local
damages classifier of the transmission gear tdmtitt, on the basis of the fuzzy logic.
The tested object was the transmission gear widligsit teeth, working on the circulating
power FZG stand. The tests included the gears thithundamaged teeth and with the
locally damaged teeth in the form of the tooth twpmbling. The construction of the
systems diagnosing the local damages of the teathalso proposed. To achieve this
aim, the vibration signals which had undergone erdjdtration and processing were
used.

KLASYFIKACJA STOPNIA WYKRUSZENIA ZEBA KOtLA PRZEKLADNI PRZY
UZYCIU LOGIKI ROZMYTEJ | CIAGLEJ TRANSFORMATY FALKOWEJ

Streszczenie. W artykule przedstawiono wyniki prob maych na celu budogv
klasyfikatora lokalnych uszkodizezebow két przektadni, zbudowanego w oparciu o
logike rozmyt. Obiekt bada stanowita przektadniagcbata o zbach prostych, praciga
na stanowisku mocy ktacej FZG. Badaniami obfo przektadnie z kotami bez
uszkodzé oraz z lokalnymi uszkodzeniamétmdw w postaci wykruszenia wierzchotka
z¢ba. Zaproponowano réwriesposéb budowy systeméw diagnemyich lokalne
uszkodzenia ¢boéw koét. Do tego celu wykorzystano sygnaly drgaréowoddane
odpowiedniej filtracji oraz przetwarzaniu.

1. INTRODUCTION

Toothed gears are often elements, on which humaes Idepend. They are used in most
transmission gears, both in various machines asagah means of transport. The toothed gear is a
very important part of the kinematics chain of gmver transmission system between the engine and
the energy receiver. According to literature [Hpat 60% of damages that it is affected by areexus
by the toothed gear failure. It is especially intpat to create such methods that will enable the
detection of the different kinds of toothed wheairéges in their early stages.

The spreading speed of the vibroacoustic distudameated by the change of the object state
causes that the vibroacoustic methods are specisdiful in cases of the damage appearance [1]. So
far, there are no ready solutions to be foundterdiure in the field of diagnosis of the teeth dges
creation and development that would enable to if{erthis state still in the early stages of
development, as not to let the dangerous failupeap Some examples connected with the usage of
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artificial intelligence in the diagnostic tasks kaxecently appeared in literature [2]. Examples in
literature shows that the most difficult aspecthe process of designing systems using the adifici
intelligence is the necessity of approaching eashk individually. Up till now, no explicit guiding
principles connected with the ways of such systemesition and teaching have been worked out.
Among the artificial intelligence methods, we castidguish the fuzzy logic [8]. In this article the
proposition of the fuzzy logic usage in the diadgiwogims will be presented.

2. THE INTRODUCTION TO THE FUZZY LOGIC

The fuzzy logic is a very effective way of convegdithe unsure and inaccurate information i.e.
such logic, that appears in practice [9]. Regardimdeatures, it can be successfully used in tates
of technical objects diagnosis systems. The basishie fuzzy algorithms was widely described in
literature [8]. The structure of the fuzzy modes hlaree data block elements:

- fuzzification

- inference

- defuzzification

The structure of an example fuzzy model, with tmouts and one output is presented in fig. 1 [15].
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Fig. 1. The example structure of a fuzzy model
Rys. 1. Przykladowa struktura modelu rozmytego

For acute input values; andx, we mark the degree of appurtenanpéx{) andy(x;) to

appropriate fuzzy sets A and B. Such process tplese in a data block of fuzzification, where
appurtenance functions to the fuzzy sets of sutaess/stem inputs are defined. Appurtenance
functions must be precisely defined in terms ofliggdthe type of the function) and in terms of
quantity (parameters, the coefficients of functio@n the basis of the appurtenance degree of the
inputs, the next block of fuzzy system marks theulttng appurtenance functiop,,,(y). Inference

block must contain the following elements:
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- the database of rules,

- the inference mechanism,

- appurtenance function of the model output.

In the database of rules we find the cause-andtefédationship of the output from the model
inputs, for example, rule 1: {k, = A,) and(x, =B,) then(y =c,).

In the inference mechanism we calculate the degfrédfilment of all of the rules, the degree of
conclusion activation for every rule and the refaitn of the output appurtenance functigp, (y).

In the last block of the fuzzy system on the ba$ithe resulting output appurtenance function we
mark the acute output valyg . The detailed description of the methods usedartkrthe output value
was presented in paper [8].

3. THE DESCRIPTION OF THE EXPERIMENT

In conducted experiments an attempt was made td Aulegree of damage classifier for toothed
gear teeth with the use of fuzzy logic. The obgddhe research was a toothed gear with straigith te
working on the post of circulating power, where thember of teeth in the pinion and the wheel was
16 and 24.

The signals of the transverse vibration speedHershaft of the wheel measured on the post of
circulating power (fig.2) were the basis for builgithe models of the stage of the teeth damage in
toothed gears for designed classifiers.
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the shafts

5. Electric
engine

\
| }‘ﬁ T
1 i &,_ | '

6.Computer—» < | O Laser

vibrometer

7. Signal
analyser

8. Logic unit

Fig. 2. Scheme for the measuring system (1-inve&erlosing gear, 3 sensor of the angular positibthe
shafts, 4- the examined gear, 5- electric enginepriputer, 7- the signal analyser, 8- logic unit,|&ser
vibrometer)

Rys. 2. Schemat uktadu pomiarowego (1-falownik,r2egtadnia zamykaga, 3-czujnik poleenia ktowego
watow, 4-przektadnia badana, 5-silnik elektryczGekomputer, 7-analizator sygnatéw, 8-jednostka dega,
9-wibrometr laserowy)
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The measurement was conducted on an undamagedgee|l as with modelled damages in the
form of tooth top crumbling. The modelled damagkiga of 0.75 mm, 1.5 mm, 2 mm [7]. Each of the
measured series was conducted for toothed geaiingark gear rotational values of 900 rotations per
minute and 1800 rotations per minute, and withdaes of 2.58 MPa, and 3.85 MPa.

The registered vibration signals undergone thertreat of low-pass filters in the range of 6 and
12 kHz — filters number 1 and 2; filters enablihg achievement of residual and differential sigrals
filters number 3 and 4; filter in the range of @.5-of meshing frequency — filter number 5.

The residual signals were achieved by deletingethi@ds from the spectrum which included the
rotary components of the wheels shafts and thembaics and component meshing frequencies and
their harmonics, and the differential were achiebgdadditionally deleting the bands around the
meshing frequency and their harmonics containiegsidebands connected with rotary frequencies of
toothed wheels[21,22]. Next, with the use of theereed Fourier transform we got time signals. i th
next stage the vibration signals were achieved thithuse of five filters undergone the treatmerth wi
the continuous wavelet transform (CWT) [3].

Wavelet analysis involves the decomposition of aiggnd showing it in a linear form of base
function combinations, known as wavelets [4]. Thatfire differentiating this method of analysis from
other methods is multilevel decomposition of thgnal, changeable distribution in the domain of time
and frequency, the possibility of application osédunctions other than harmonic functions [16]e Th
continuous wavelet transform is defined as foll¢sv4]:

1" (t-b
CWT(a,b)=— — | x(t bt 1
()£_£w[a](h (1)
where: z//ayb(t) - wavelet function, waveleta - scale parameter, connected with the locatioth@
frequency domainaOR", a#0, b - shift parameter in the time domain[1R.

The frequency of the wavelet is regulated with use of scale parameter, and with the use of
parameten it is possible to examine the local features miticourse [3].

This method, due to the possibility of adjustmeithe window width to the analysed frequency
range, enables the examination of non-stationagyass. For the slowly-changing courses the window
expands in the time domain, whereas by high fregesrit narrows, keeping the constant surface area
[3]. The appropriate choice of base wavelet andatngy of the scale value is the necessary comditio
to the correctness of the diagnosis process ofettienical state of the object with the use of watvel
analysis.

In order to describe the character of the changesgoal amplitude affected by CWT for 20
scales chosen in the initial analysis, an efficjemalue was marked (figure 3). The marked value
described the change process of the CWT distributiotime domain. On the basis of the initial
research the following base wavelets were chosetinéoexperiment [7,8]:

- Daubechies wavelet (wavelet number 9),
- Morlet wavelet (wavelet number 37),
- reverse bi-orthogonal wavelet 3.7 (wavelet nunifyr

On the basis of the obtained results an attempt made to determine the function of input
appurtenance. The sequence of actions by detemgnihencharacteristic points for input appurtenance
function of diagnostic system was shown in a schiemay on figure 4.
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Fig. 3. The way of amplitude CWT change description
Rys. 3. Sposéb opisu charakteru zmian amplitudy CWT
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Fig. 4. The way a classifier model using fuzzy toigi built
Rys. 4. Sposob budowy wzorcow dla klasyfikatora erglystupcego logik rozmys
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The estimates marked in such a way were used éondieie the characteristic input appurtenance
functions. Using the literature examples a triapgulnction was chosen for research as an input
appurtenance function (fig.5) The way characterigtiints for a triangular function are marked were
assumed according to table 1.

| /\
X05
3.

Fig. 5. A chosen input appurtenance function
Rys. 5. Wybrana funkcja przynateosci wejs¢

Tab. 1
The way characteristic points for input appurtemsiunction are marked

The way characteristic points for input appurtenane function
are marked:

WA .B”
a =min[CWT(v)) min(CWT (v))
a=min max(CWT(v))
CWT (V)
c= max(CWT(v)) min(CWT (v))
€ =max max(CWT(v))
CWT (Vg )
_ min(CWT (v)) +max(CWT (v)) b =min(CWT (v))
2 lub
b= max(CWT(v))
lub
b=CWT(vy)
gdzie:

a<bh<c

b

It should be pointed out that, the best of casesldvbe the one, where each following class
would not have common element (fig.6a) In sucht@asion it would no longer be necessary to use the
fuzzy logic system, one estimate would be enouglthe basis of which the respective states would
be classified. The opposite example is shown ifigin this case the range of value changealbdity
each class includes in each other in whole, whigkea the correct working system elaboration
impossible.

In the introductory part of the experiment inpupagenance functions for 20 analysed scales
were marked and they were to constitute the inplithe classification system. The calculations were
revised for vibration signals which undergone fartfiltration with the use of 5 filters and witheth
use of 3 base wavelets. In total, 60 sets of appartce functions for 20 inputs were achieved. én th
next stage of the experiment, having analysed esety30 new sets were chosen, among which there
were only those best adjusted to the process oft idassification. In this process the basic ides w
the one shown in figure 6. For the purpose of caiepa additionally one set was added, which
constituted of all scales marked in CWT process.
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Fig. 6. Model input appurtenance functions: a)libst of cases b) the worst of cases
Rys. 6. Wzorcowe funkcje przynatesci wejs¢: a) przypadek najlepszy, b) przypadek najgorszy

Also in case of outputs of the system using fuzmyid for diagnostic purposes of toothed gear,
two methods of fuzzification (figures 7 and 8).
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Fig. 7. Way number 1 of construction of the fuzzyputs of the fuzzy logic system for a damage eftrm of

the chipping tip of the tooth
Rys. 7. Sposoéb ,1” budowy rozmytych w§jsystemu logiki rozmytej dla uszkodzenia w postagkruszenia
wierzchotka zba
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Fig. 8. Way number 2 of construction of the fuzzyputs of the fuzzy logic system for a damage anftrm of

the chipping tip of the tooth
Rys. 8. Sposoéb ,2” budowy rozmytych w§jsystemu logiki rozmytej dla uszkodzenia w postagkruszenia
wierzchotka zba

The determination of the damage level of the teftthe gear was the main aim of conducted
diagnostic process. The simultaneous damages reddell the experiment constituted classes, for
which the diagnostic system was to qualify a gidamage. The classes determined the position of the
points for which the output appurtenance functignadled 1. It was assumed in the experiments the
sigmoid appurtenance function was used for theitetintlasses, and for other classes a triangular
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function was applied. The assumed ways of detetinimaof the characteristic points of output
appurtenance function are visible in figures 7 &nd

The research conducted with various methods oftiapd output fuzzification was to show the
influence of the result of the classification preg®f the type and degree of teeth damage of tdothe
gear.

- Q =258 MPa,n =900 rotation/minute,
- Q =258 MPa, n =1800rotation/minute,
- Q=385 MPa,n=900 rotation/minute,
- Q =385 MPa, n =1800rotation/minute.

The points of machine work were in accordance Witiee chosen in the process of registration
vibration on the spot of rotating power FZG.

Additionally experiments were conducted with the o$ classifiers working independently to the
load and rotation speed of the shaft of the tootfeat wheel.

In the time of construction of the rule basis afdy logic two ways presented in figures 9 and 10
were used.
The points of machine work
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Fig. 9. System “I” of the rules construction systefifuzzy logic, MF1...6 — following appurtenanasttions
Rys. 9. System ,I” budowy regut systemu logiki rogej, MF1...6 — kolejne funkcje przynaleosci
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Fig. 10. System “lI” of the rules construction systof fuzzy logic, MF1...6 — following appurtenarfoactions
Rys. 10. System ,II” budowy regut systemu logikznoytej, MF1...6 — kolejne funkcje przynafesci

In type “I” system for each input all existing commpoints of the machine work were coded,

whereas in type “lI” of the system each of the iispwas multiplied by the number of analysed work
points of toothed gear. This method is analogioahte one used in time of research on classifinatio
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of the degree of toothed gear damage working inloag¢ moment and one rotation speed of the gear
shaft.
The set of rules was described as follows:
if x, is A andx, is A, ... anck, isA, thenitis class 1,
if x, is B, andx, iSB, ... andk, is B, then it is class 2,
if x, is z, andx, isz, ... andx, is z, thenitis clas ,
where:
x,-..%, - are values of estimates marked in a given gatie spectrumk - number of inputs of the

diagnostic systema,...A., B,...B., Z,...Z, - defined for each input separately value range of

estimates marked in a given part of spectrum, wisiche equivalent for a given damage class,
class 1, class 2...class - recognisable class of teeth damage in toothad ge
N - the number of classes of the damages of teaethidnthed gear.

3. THE RESULTS OF THE EXPERIMENT

In the first series of the conducted research syst®ere built to classify the degree of damage of
the teeth in toothed gear working with a given tiotaspeed and load. For classification systems of
the degree of tooth top crumbling the results haiteca wide range. In most cases of the used system
types as well as different sets of models the tesstlts were to be found in the region of up to 281%
the measuring error.

Because of the fact that the toothed gears in pdvegrsmission systems usually work with
different speeds and loads, it was decided th#témext research the tests would be conducted with
the use of diagnostic systems diagnosing the degjremth top crumbling of a toothed gear working
with different speeds and loads. Tab. 2 presemtbdst results.

Tab. 2
A set of the best results of classification of totp crumbling of a toothed gear working
with one rotation speed of shaft and with one load

Filter number
1 | 2 | 3 | 4 | 5

Wavelet number
9 37 50 9 37 50 9 37 50 9 37 50 9 37 50
I-A-1 8,72| 9,40| 8,84| 9,26|11,29|10,75|11,44|11,71| 11,70] 11,44| 11,44| 11,70] 10,61| 11,29| 10,49
|-A-2 8,72| 9,40| 8,84] 9,27|11,29|10,47]11,44|11,85| 11,70] 11,44| 11,58 11,70] 10,61| 11,29| 10,49
1-B-1 |18,87|17,63| 18,46 14,79| 12,90| 16,73| 13,72| 14,77| 15,45] 16,03| 17,86| 15,31] 20,24| 22,12| 26,20
|-B-2 ]19,82|19,13| 18,33} 15,47| 15,07| 17,91} 15,07| 15,46| 18,86] 15,90| 20,49| 20,64| 20,20| 24,85| 30,55
I1-A-1 8,72| 9,40| 8,84| 9,26|11,29|10,75] 11,44| 11,71| 11,70f 11,44| 11,44| 11,70] 10,61| 11,29| 10,49
I1-A-2 | 8,72 9,40| 8,84] 9,27|11,29|10,47| 11,44| 11,85| 11,70} 11,44| 11,58| 11,70] 10,61| 11,29| 10,49
11-B-1 | 18,87| 17,63| 18,46] 14,79| 12,90| 16,73] 13,72| 14,77| 15,45] 16,03| 17,86| 15,31] 20,24| 22,12| 26,20
11-B-2 | 19,82| 19,13] 18,33} 15,47| 15,07| 17,91] 15,07| 15,46| 18,86| 15,90| 20,49| 20,64] 20,20| 24,85| 30,55

In case of I-A-1, I-A-2, I-B-1, I-B-2, 1I-A-1, II-A2, 1I-B-1, 1I-B-2 system type analysis a small
influence was noticed of the used in the constoncthodels of filtration types and base wavelet $ype
on the correctness of the classification procesth@fdegree of tooth top crumbling. The appearing
differences for a given type system had the valu@-45%. The smallest error was achieved in case
of system type I-A-1 which used the data achieveith whe use of filter number 1(8.72+9.40%).
Slightly higher results were observed in case ef tise of other filters. For systems using filters
number 3 and 4, the same error values were notiéelr & change of system to I-B-1 the results got
significantly worse. The smallest error value waged for a system using filter 2 and wavelet No.37
(12.90%). The highest error value equalling 26.26%s shown on the classifier using the data
achieved with the use of filter 5 and wavelet No.B@ring the comparison of the achieved results
with the results of I-A-1 it can be noticed a daublorsening of the correctness in case of manystype
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of used models. A similar situation appears in ¢dbmparison analysis of systems I-A-2 and |-B-2.
The achieved results for systems I-A-2 are in noastes twice lower in comparison to the second
analysed method. The smallest mistake 8.72+9.408siilsle with the use of filter No.1. In case oéth
use of filters 3 and 4 for next tested waveletsralar error was achieved. After the change to exyst
I-B-2, a slight decrease of the correctness otthssification of the degree of tooth top crumbhwas
noted. For data achieved with the use of filter [Qothe closest accordance with the model was
achieved. In this case error was in the range di7B6 for wavelet No.37 up to 17.91% for wavelet
No.50. The highest error values were recordedilter humber 5. The highest error value was 30.55%
for wavelet No.50. The change of system type usumy logic with the aim of diagnosis of the
degree of tooth top crumbling from A-I to lI-A-ltdm I-A-2 to II-A-2, from |-B-1 to II-B-1 and from
I-B-2 to 1I-B-2 does not influence in any way onettachieved results of classification. When
comparing the systems of type I-A-1 with |-A-2 ias/noticed that in case of the use of filter 1 &and
the results achieved for both systems are the gamthree wavelet types. The lowest error value
equalling 8.72% was recorded for filter No.1 and/@tat No.9.

The highest error value for I-A-1 system equall&d71%, and for system I|-A-2 equalled 11.85%.
In both of those cases the highest error values wecorded for filter 3 and wavelet No.37.
Analogical situation occurred in case of compariebsystems II-A-1 with II-A-2. The change of the
applied classifier type from 1-B-1 to I-B-2 caustbe rise of error value. The lowest error valuesewe
observed for filters 2 and 3 and the highest fiterfiNo.5. In case of system type I-B-1 it was are
range of 12.90-15.45% and 20.24-26.20% and foresystB-2 15.07-18.86% and 20.20-30.55%. In
case of systems II-B-1 and 1I-B-2 the results waaralogical.

To sum up it may be stated that the conducted @rpats have shown the possibility of building
a correctly working classifiers of the tooth topmbling degree of gear wheel with the use of fuzzy
logic.
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